Hepatitis C virus (HCV) replicates through an error-prone process that may support the evolution of genetic variants resistant to the host cell antiviral response and interferon (IFN)-based therapy. We evaluated HCV-IFN interactions within a long-term culture system of Huh7 cell lines harboring different variants of an HCV type 1b subgenomic RNA replicon that differed at only two sites within the NS5A-encoding region. A replicon with a K insertion at HCV codon 2040 replicated efficiently and exhibited sequence stability in the absence of host antiviral pressure. In contrast, a replicon with an L2198S point mutation replicated poorly and triggered a cellular response characterized by IFN-␤ production and low-level IFN-stimulated gene (ISG) expression. When maintained in long term-culture, the L2198S RNA evolved into a stable high-passage (HP) variant with six additional point mutations throughout the HCV protein-encoding region that enhanced viral replication. The HP RNA transduced Huh7 cells with more than 1,000-fold greater efficiency than its L2198S progenitor or the K2040 sequence. Replication of the HP RNA resisted suppression by IFN-␣ treatment and was associated with virus-directed reduction in host cell expression of ISG56, an antagonist of HCV RNA translation. Accordingly, the HP RNA was retained within polyribosome complexes in vivo that were refractory to IFN-induced disassembly. These results identify ISG56 as a translational control effector of the host response to HCV and provide direct evidence to link this response to viral sequence evolution, ISG regulation, and selection of the IFN-resistant viral phenotype.
Hepatitis C virus (HCV) is a global public health threat that persistently infects an estimated 2% of the world population (46) . Although initial HCV infection is usually subclinical, damage accumulates over time in the liver and can result in the development of cirrhosis and end-stage liver disease that often includes hepatocellular carcinoma (37) . The virus is a member of the Flaviviridae and contains a 9.6-kb single-stranded positive-sense RNA genome that encodes one large polyprotein whose translation is mediated through an internal ribosome entry site (IRES) found within the viral 5Ј nontranslated region (5Ј NTR). The HCV polyprotein is postranslationally cleaved into at least 10 mature proteins through host peptidase and viral protease activities (35) . The HCV nonstructural (NS) proteins are sufficient to support viral replication (4, 31, 32) . HCV RNA replication proceeds in association with intracellular membranes through a viral replicase that includes the NS proteins. The HCV replicase is particularly dependent on the enzymatic activities of the NS5B RNA-dependent RNA polymerase (RdRp) (5) and the NS3/NS4A protease-helicase (reviewed in reference 35). Like other RNA viruses, the replicase of HCV is error prone due to the lack of proofreading function of the NS5B RdRp. Because of this error-prone replication and an overall high replication rate, HCV infection often involves genetically diverse but related groups of sequences or viral quasispecies (9) . Molecular studies have demonstrated that within a given individual, the sequence complexity of an HCV quasispecies population can change or evolve over time and concomitantly avoid immune challenges imposed by the innate and adaptive host antiviral responses to infection (34, 40) .
Virus infection triggers the host cell antiviral response through a variety of processes that lead to the activation of transcription factors whose actions promote the expression of alpha-beta interferons (IFN-␣/␤) and IFN-stimulated genes (ISGs) (38) . Products of virus replication, including doublestranded RNA (dsRNA) replication intermediates, serve as stimuli of intracellular events that include but are not limited to the direct activation of protein kinase R (PKR) and the indirect activation of the IFN regulatory factors (IRFs) and NF-B transcription factors (27, 38, 45, 47) . Virus infection also signals the transcription effector action of IRF-3 through a multiprotein signaling complex that directs IRF-3 phosphorylation, activation, nuclear retention, and transcription effector function. This directly induces the expression of IFN-␤ and other target genes and serves to indirectly trigger the expression of ISGs through IFN production (2, 8, 18, 38, 39) . The importance of this host response is underscored by the many examples of viral strategies to counteract response components and resist IFN or ISG action (reviewed in references 13 and 27) .
The cellular genes whose expression affects control of HCV replication during the host response are not defined. A recent study showed that the product of ISG6-16, an IFN-␣/␤-responsive gene, can contribute to antiviral action against HCV RNA replication in the replicon model (51) . This showed that ectopic expression of ISG6-16 actually enhanced the suppression of HCV RNA replication conferred by IFN, but the mechanisms of this activity are not known. Other work has shown that ISG56, a direct IRF-3 target gene and ISG (18, 21) , can suppress HCV IRES translation in cell extracts independently of IFN and within cultured cells in the context of an IFN response (44) . ISG56 action on the HCV IRES is dependent in its ability to bind to eukaryotic initiation factor 3 (eIF3) (44) , through which it disrupts the translation initiation process (20, 26) . Importantly, microarray studies have demonstrated that ISG6-16 and ISG56 are among the several ISGs and IRF-3 target genes that are induced in vivo during the hepatic acute-phase host response that follows experimental challenge of chimpanzees with HCV (3, 41) . In support of this, previous work with the HCV RNA replicon culture system has demonstrated that HCV replication has the capacity to activate PKR, IRF-1, NF-B, and IRF-3-dependent cellular response pathways and that this similarly derives a host response characterized by ISG expression (10, 11, 33, 44) . Several independent studies have now demonstrated that the lack of this host response is associated with high replication efficiency of the HCV replicon RNA in cultured cells (10, 12, 19, 22, 30, 51) .
The mechanism(s) by which HCV avoids or overcomes the host response has been the subject of intense investigation that has identified multiple viral proteins as host response antagonists. For example, HCV protein products have been shown to attenuate signaling events mediated through the IFN-␣/␤ receptor (23) , while some variants of the E2 and NS5A proteins have been shown to bind to PKR to disrupt signaling events that induce IRF-1 action and/or limit RNA translation (14, 33, 43) . The protease action of the HCV NS3/NS4A protein complex has been shown to disrupt the virus activation of IRF-3 to render a block in the expression of IFN-␤ and other IRF-3 target genes. Moreover, it was found that sequence diversity and mutations within the NS3-encoding region associated with differential regulation of IRF-3 and low-level viral protein and NS3/NS4A abundance corresponded to an incomplete block of IRF-3 activation and function (10) . Similarly, sequence diversity within the various encoding regions of the HCV RNA has been associated with sensitivity or resistance to IFN therapy in infected patients (16, 25, 48) . This work collectively indicates that HCV genetic variation can influence the host response to infection and that HCV resistance to IFN is most likely supported through the actions of multiple viral proteins acting on specific cellular targets to attenuate host cell antiviral action.
In the present study, we examined the relationship between viral sequence variation and the host response to HCV RNA replication in a cell culture model of HCV persistence. Because HCV cannot be efficiently propagated in cultured cells, we focused our studies on evaluating these properties within cell lines harboring genetic variants of an HCV type 1b (HCV1b) subgenomic RNA replicon derived from the previously published Con1 prototype sequence (Fig. 1A) (32) . Of the many HCV replicon variants in our laboratory, we identified a pair of replicons derived from the Con1 sequence that each differed by only a single amino acid residue within the NS5A-encoding region. Both replicon variants were sensitive to the antiviral actions of IFN, and although initial culture adaptation of the respective replicon RNA was conferred by a single-point mutation (L2198S or K2040 insertion in the NS5A proteinencoding region), the two variants imparted dramatically different properties with respect to their regulation of the host response (33, 44) . We utilized long-term cultures of these replicon systems as a model with which to evaluate how the pressures from the host cell antiviral response may influence viral genetic adaptation, the response to IFN-based therapy, and overall viral fitness associated with persistent HCV replication. Our results provide evidence that the host cell antiviral response directs selective pressure for viral sequence evolution that can impact the overall fitness and IFN sensitivity of HCV replication. cultured on chamber slides were fixed and probed with polyclonal rabbit anti-IRF-3 serum (6) and a fluorescein isothiocyanate-conjugated donkey anti-rabbit secondary antibody (top panels) exactly as previously described (10) . Following antibody staining, the nuclei were stained with DAPI (4Ј,6Ј-diamidino-2-phenylindole) (bottom panels). IRF-3 and nuclei were visualized by fluorescence microscopy with a Zeiss Axiovert digital imaging microscope in the University of Texas Southwestern Medical Center Pathogen Imaging Facility. The white arrows point to nuclear IRF-3 in Huh7-L2198S cells, which amounted to 5 to 7% of the cells in a given culture. Magnification, ϫ40. (C) Immunoblot analysis of ISG expression. Huh7 control, Huh7-L2198S, or Huh7-K2040 cells were cultured for 24 h alone (Ϫ, lanes 1, 3, and 5) or in the presence of 10 U of IFN-␣2a/ml (ϩ, lanes 2, 4, and 6). Twenty micrograms of total cellular protein was then separated on an SDS-10% polyacrylamide gel electrophoresis gel and subjected to immunoblot analysis of PKR, ISG56, and ISG15 protein levels. In this and other immunoblot experiments, we confirmed that equal amounts of protein were loaded in each lane of the gel by stripping the blot and reprobing it with an antiserum to actin (bottom panel).
MATERIALS AND METHODS

Cell
genomic HCV RNA replicon, respectively, were described previously (10, 44, 49) . Stable replicon cell lines were maintained in DMEM supplemented with 200 g of G418/ml. The presence of the specific adaptive mutation within the replicon RNA of the stable cell lines was verified by nucleotide sequence analysis as described below. Low-passage isolates of each cell line (corresponding to approximately eight population doublings) were expanded and stored frozen for further analysis. To initiate long-term study, Huh7-K2040 and Huh7-L2198S cells were thawed, and cultures were concurrently initiated and maintained for the duration of the study. For IFN treatment of cells, medium was removed from cell cultures and replaced with prewarmed medium containing the indicated concentration of IFN-␣2a (PBL Laboratories). For the generation of cured cell lines, we transiently cultured Huh7-derived replicon cell lines for 2 weeks or longer in medium containing 100 U of IFN␣-2a/ml. We verified that the cells were cured of the HCV replicon RNA and that they were sensitive to G418 selection as previously described (10) . For dsRNA transfection studies, cells were plated into the wells of a six-well dish and semiconfluent monolayers of cells were transfected with 10 g of polyinosine-polycytosine (pIC) as previously described (33) . Control cultures were mock transfected by omitting pIC from the transfection mixture.
Nucleotide sequence analysis. The nucleotide sequence of each HCV replicon was determined as follows: total cellular RNA was extracted from repliconbearing cells with Trizol reagent by the manufacturer's protocol (Invitrogen). The recovered RNA was resuspended in water, and 1 g of RNA was reverse transcribed with Omniscript (QIAGEN) reverse transcriptase (RT) for 1.5 h with the HCV-specific primer 8081a (5Ј GCCAGTATCAGCACTCTCTG 3Ј) and the manufacturer's protocol. Ten percent of the RT reaction mixture was then used in each PCR (Advantage 2; Clontech) mixture to amplify four overlapping fragments with one of the following primer pairs: 1844s (5Ј TACATGGTGTTAGT CGAGGTT 3Ј) and 3575a (5Ј TCTCCTGCCTGCTTAGTCTGG 3Ј), 3086s (5Ј ACTCAATGCTGTAGCATATTA 3Ј) and 5112a (5Ј AACCTCCACGTACTC CTCAGC 3Ј), 4711s (5Ј TCACTCAGCTGCTGAAGAGG 3Ј) and 6572a (5Ј ACGATAAGGCGAGCTGGCTTG 3Ј), or 6071s (5Ј TACCGTAAGCGAGG AGGCTAG 3Ј) and 8052a (5Ј GCGGCTCACGGACCTTTCACA 3Ј). PCR conditions were 1 min at 95°C, 30 s at 60°C, and 2 min 30 s at 68°C for each of 40 cycles. The amplified DNA was then purified by agarose gel electrophoresis and was extracted from the gel with the QIAquick kit and following the manufacturer's protocol (QIAGEN). DNA fragments were then sequenced directly by automated sequencing, and complete replicon sequences were assembled with Vector NTI software (Informax).
Site-directed mutagenesis and reconstruction of the HP replicon. Nucleotide substitutions identified within the evolved HP replicon sequence were reintroduced into a previously assembled prototype Con1 HCV replicon sequence, pHCV 1bpt (10) . Each mutation was individually introduced by site-directed mutagenesis with the QuickChange XL site-directed mutagenesis kit (Stratagene). The mutagenic primers used in this procedure are listed in Table 1 . For subcloning and assembly of the reconstructed HP sequence, an interval spanning the PmeI to the Eco47III restriction sites was first amplified with a primer pair (5Ј AGTTTAAACAGACCACAACGG 3Ј and 5Ј ACGACGGCTGGGAGGA GCAAG 3Ј) and the Advantage 2 HF PCR kit (Clontech) from a replicon RNA template to obtain a DNA fragment containing the Q1737R mutation. The PCR product was ligated into pCR2.1 (Invitrogen) to yield pCR2.1 Q1737R. Following site-directed mutagenesis of the Con1 DNA, a restriction fragment spanning the BsrGI/BspEI sites and containing the K1609E mutation was inserted into the corresponding sites of pCR2.1 Q1737R to yield pCR2.1 K1609E/Q1737R. A DNA fragment corresponding to the PmeI-to-AccI restriction sites of the Con1 sequence and containing the P1115L mutation was then cloned into the corresponding sites of pCR2.1 K1609E/Q1737R to yield pCR2.1 HP 5Ј. pCR2.1 HP 5Ј was then digested with BsrGI and Eco47III restriction enzymes, and the resulting DNA fragment was subcloned into pHCV 1bpt to yield pHCV 1bpt HP 5Ј. In parallel, fragments containing the P2007A, L2198S, S2236P, and K2040 mutations engineered into the Con1 sequence were subcloned individually into a pHCV 1bpt recipient to yield, respectively, pHCV 1b P2007A, pHCV 1b L2198S, pHCV 1b S2236P, and PHCV 1b K2040. An Eco47III/MluI DNA restriction fragment containing the P2007A mutation was then subcloned into pHCV1b L2198S to yield pHCV 1b P2007A/L2198S, and then a XhoI/MunI DNA restriction fragment from the engineered Con1 sequence containing the S2236P mutation was subcloned into pHCV 1b P2007A/L2198S to yield pHCV 1b HP NS5A. A BsrGI/Eco47III DNA restriction fragment from pCR2.1 HP 5Ј was then subcloned into pHCV 1b HP NS5A to yield pHCV 1b HP 5Ј plus HP NS5A. Finally, a MunI/BspCI DNA restriction fragment containing the V2971A mutation engineered into the Con1 sequence was subcloned into pHCV 1b HP 5Ј plus NS5A to yield pHCV 1b HP. At each step of the replicon assembly process, we verified the resulting nucleotide sequence of each product by DNA sequence analysis.
Assessment of replicon RNA transduction efficiency. Ten micrograms of pHCV 1b pt and derived plasmids were linearized with ScaI and purified, and 4 g of the digested DNA was used to program an in vitro transcription reaction with T7 RNA polymerase. After a 5-h incubation, the transcription reactions were terminated and were extensively treated with DNase I following the manufacturer's protocol (Ambion), and the DNA-free replicon RNA was recovered by lithium chloride precipitation. Nine hundred nanograms of replicon RNA was transfected into 2.5 ϫ 10 5 Huh7 cells that were plated into the well of a six-well dish. RNA transfection was conducted with the TransMessenger reagent and the manufacturer's protocol (QIAGEN), and all transfections were performed in triplicate. Three hours posttransfection, cells were released from the culture well by trypsinization, and 90% of the recovered cells were plated into a 10-cm culture dish containing 7 ml of prewarmed DMEM with 400 g of G418/ml. The transfection efficiency of each transfected cell culture was determined by cotransfecting cells with 100 ng of purified, in vitro-transcribed luciferase poly(A) RNA prepared from pSP6 luc-poly(A) and by subsequently conducting a luciferase assay of cell extracts prepared from the lysate of the remaining 10% of cells. After 3 weeks of G418 selection, cell colonies were visualized by staining the cells with Coomassie brillant blue (0.6 g/liter in 50% methanol-10% acetic acid). Colonies from replicate plates were counted to determine the relative transduction efficiency of the corresponding HCV replicon RNA. Transduction efficiency is expressed as the percentage of initially transfected cells that were stably transduced and was normalized for relative transfection efficiency as determined by a luciferase assay. Cell clones harboring distinct replicons were isolated by cylinder cloning and expanded for further characterization. A negative control (⌬NS5B) replicon was produced by digesting pHCV 1b with BglII, which liberates an ϳ1-kb region containing the active site of NS5B, followed by religation. In vitro-transcribed RNA from an isogenic replicon containing a previously identified adaptive mutation (R2884G, a kind gift from R. Bartenschlager) was used as a positive control in all transduction experiments.
RNA expression analysis. Northern blot analysis of RNA levels was performed exactly as described previously (10) using specific cDNA probes corresponding to the full-length open reading frames of HCV NS3, OASI, ISG6-16, ISG56, ISG15, or glyceraldehyde 6-phosphate dehydrogenase (GAPDH). Signal strength of the hybridized probe was quantified by phosphorimager analysis. For RT-PCR analysis of RNA levels, 5 g of total cellular RNA was treated with DNase I (DNAfree; Ambion) for 1 h at 37°C, and 1 g of the DNA-free RNA was used as a template for RT in a reaction mixture containing Omniscript reverse transcriptase (QIAGEN) primed with an oligo(dT) oligonucleotide primer and the HCV-specific primer 1942a (5Ј GCGTCTGTTGGGAGTAGGCCG 3Ј). PCRs were conducted in triplicate for the amplification of IFN-␤ and GAPDH cDNAs with the respective primer pairs and amplification conditions described previously (11) . Quantitative real-time PCR analyses were performed with an ABI Prism sequence detection system in the presence of SYBR Green with cDNA representing 10 ng of input RNA per reaction mixture, with all reactions conducted in triplicate. The real-time PCR amplification of HCV and GAPDH cDNAs was carried out with the respective primer pairs HCVs (5Ј AATGCCT GGAGATTTGGGC 3Ј) and HCVa (5Ј TTTCGCGACCCAACACTACTC 3Ј) 6 cells in 100-mm dishes containing DMEM without G418. The cells were allowed to recover for 24 h, after which the culture medium was removed and replaced with DMEM alone or DMEM containing 10 U of IFN-␣2a/ml. After a further 24 h, the cells were harvested, and total RNA was isolated with the Trizol reagent (Invitrogen), followed by a second RNA purification step with RNAEasy columns and the manufacturer's protocol (QIAGEN). Biotinylated, single-stranded anti-sense RNAs were prepared from 25 g of template RNA, and probes were hybridized to an Affymetrix (Santa Clara, Calif.) human GeneChip (Hu95A) containing 12,626 probe sets for known genes, according to the manufacturer's protocol. The DNA arrays were scanned with an Agilent confocal scanner (Affymetrix). Gene expression comparison files were generated with MAS 5.0 software (Affymetrix), and clustering analysis was performed with GeneSpring software, version 4.0.4 (Silicon Genetics). Gene expression levels within direct comparison tests between control Huh7 cells and Huh7 cells harboring the different HCV replicons were considered significantly different if the change in the hybridization signal (the calculated average difference for the relevant probe set) was Ն2.0.
Plasmids and DNA transfection. Plasmid DNA was prepared using the endotoxin-free midiprep kit (Sigma), followed by extensive extraction with equal volumes of phenol and chloroform to remove residual impurities from the DNA. The extracted DNA was subjected to ethanol precipitation and was resuspended in ultrapure water. Purified plasmid DNA was transfected with FuGENE 6 transfection reagent, following the manufacturer's protocol (Roche Molecular Biochemicals). For the luciferase assay and analysis of IFN-stimulated response element (ISRE) activity, 2 ϫ 10 4 cells were plated into the well of a 48-well plate. Sixteen hours later, the cells were cotransfected with a cocktail of luciferase reporter plasmids that included 50 ng of pISRE-luc (Stratagene) and 12.5 ng of pCMV-Renilla (Promega). Cells were cultured for a further 24 h and then were mock treated or treated with 10 or 50 U of IFN/ml for 8 h. Cells were harvested, and extracts were subjected to the dual luciferase assay as described by the reagent manufacturer (Dual-Luciferase Reporter assay system; Promega). Luciferase activity was quantified with a Bio-Rad luminometer.
Protein analysis. For evaluation of protein expression, cell extracts were prepared, and immunoblot analysis was conducted exactly as described previously (44) . Primary antibodies used for immunoblot analysis included a well-characterized anti-HCV patient serum (obtained with informed consent through W. Lee) (33), anti-PKR monoclonal antibody 71/10 (a gift from A. Hovanessian), rabbit polyclonal anti-ISG56 antibody (a gift from G. Sen), rabbit polyclonal anti-ISG15 antibody (a gift from A. Haas), and goat polyclonal anti-actin antibody (Santa Cruz). Proteins were detected with a secondary antibody coupled to horseradish peroxidase and were visualized by chemiluminescence.
For measurement of secreted IFN-␤ within cultures of mock-or pIC-transfected cells, culture medium was collected from the cells 24 h posttransfection and centrifuged to remove cell debris, and the amount of IFN-␤ within the cell-free supernatant was quantified by an antigen capture assay from Research Diagnostics as described previously (11) .
Polyribosome distribution analysis. Analysis of ribosome-HCV RNA association and corresponding protein content in Huh7 cells harboring HCV replicon quasispecies was conducted following a modification of the methods of Ruan et al. (36) and as previously described (44). Huh7-L2198S or Huh7-HP cells were each cultured in a 15-cm dish at approximately 70 to 80% confluency in medium lacking G418 and in the presence or absence of 100 U of IFN-␣2a/ml for 24 h. It has previously been demonstrated that a cell culture density of 80% confluency does not affect the steady-state HCV RNA levels present in each replicon cell line (44) . Prior to cell harvest, the culture medium was replaced with prewarmed medium containing 100 g of cycloheximide (CHX)/ml and incubated for 15 min at 37°C. Cells were rinsed with prewarmed phosphate-buffered saline (PBS) containing 100 g of CHX/ml (PBS-CHX), the solution was removed, and cells were released from the dish by incubation in a prewarmed trypsin-CHX solution. Cells were washed from the culture dish with 10 ml of PBS-CHX containing 1 mM phenylmethylsulfonyl fluoride and were pooled into a tube containing an additional 5 ml of ice-cold PBS-CHX. Tubes were subjected to centrifugation at 1,000 ϫ g for 5 min at 4°C, the supernatant was discarded, and the cell pellet was washed once with 10 ml of ice-cold PBS-CHX. Cell pellets were resuspended in 750 l of ice-cold low-salt buffer (LSB) (20 mM Tris [pH 7.5], 100 mM NaCl, 30 mM MgCl 2 ), and tubes were placed on ice for a total of 3 min to allow cell swelling. After 250 l of detergent buffer (LSB supplemented with 1.2% Triton N-101) was added, cell suspensions were transferred into an ice-cold 7-ml Dounce homogenizer and homogenized with seven strokes of the pestle. The homogenate was transferred to an ice-cold microcentrifuge tube and subjected to a 1-min centrifugation at 10,000 ϫ g at 4°C. The supernatant was then collected and transferred to an ice-cold recipient tube containing 100 l of LSB supplemented with 1 mg of heparin and containing a final concentration of 1.5 M NaCl. The lysate mixture was layered carefully on top of a 0.5-to-1.5 M sucrose gradient prepared in a polyallomer centrifuge tube (14 by 95 mm). Gradients were centrifuged for 2 h at 36,000 rpm with a Beckman SW40 rotor. Afterwards, 12 fractions (each, 1 ml) were collected in a top-to-bottom manner from each gradient tube with an ISCO density gradient fractionator. Fractions were monitored for optical density at a wavelength of 254 nm (OD 254 ). All fractions were collected into microcentrifuge tubes each containing 100 l of 10% sodium dodecyl sulfate (SDS), after which 220 g of proteinase K was added to each tube. In some experiments, proteinase K was omitted from the collection tubes to facilitate protein recovery from the respective fractions. Tubes were incubated for 30 min at 37°C, and RNA was extracted from each with the Trizol reagent and following the manufacturer's protocol (Gibco). We conducted a parallel assessment of ribosome-associated proteins by extracting and collecting the protein constituents of each fraction. Proteins were extracted from the organic phase of the Trizol reagent as described in the manufacturer's protocol (Invitrogen). The extracted proteins were precipitated in 100% ethanol, dried, and rehydrated in Triton X-100 lysis buffer. For RNA extraction, purified RNA was resuspended in 30 l of RNase-free water. The integrity of the recovered RNA was confirmed by running 10 l of each sample on a standard 1% agarose gel and visualizing the ethidium bromide-stained rRNA bands. The distribution of the 18S and 28S rRNAs associated with the 40S and 60S ribosomal subunits, respectively (42); monitoring the rRNA band distribution in this manner allowed us to confirm the ribosome subunit and polysome distribution of our fractionation procedure.
The gradient distribution (ribosome association) of actin and HCV RNAs was assessed by RT-PCR with the Titanium one-step RT-PCR kit (Clontech) and 1 l of total RNA isolated from each gradient fraction with the oligonucleotide primer pairs (sense, 5Ј TTGTTACCAACTGGGACGACATGG-3Ј; antisense, 5Ј GATCTTGATCTTCATGGTGCTAGG 3Ј) (␤-actin), and the previously published KY78 and KY80 primers for HCV RNA amplification (50) . PCR amplification was conducted for a total of 25 cycles, which has been confirmed to represent the mid-linear stage of the amplification cycle under the conditions used (44) . HCV and actin RT-PCR products were analyzed by agarose gel electrophoresis and digital imaging of the ethidium bromide-stained gel.
RESULTS
Viral fitness associates with host response to HCV RNA replication. We examined the host response in low-passage isolates of Huh7 cell lines harboring either the K2040 or L2198S HCV replicon RNA (Fig. 1A) . These cell lines, termed Huh7-K2040 and Huh7-L2198S, respectively, were both derived from the same pool of parental Huh7 cells transduced with the prototype Con1 subgenomic HCV RNA replicon sequence (33) . Evaluation of HCV RNA levels of the low-passage cell lines demonstrated a level of 10 6 HCV genome equivalents/g of total RNA from Huh7 L2198S cells compared to 10 7 HCV genome equivalents/g of total RNA from Huh7 K2040 cells. It has previously been shown that Huh7-K2040 cells are refractory to transfected dsRNA and fail to activate IRF-1 or NF-B due to an NS5A-imposed block in PKRdependent signaling. In contrast, the L2198S mutation abrogates the NS5A-PKR interaction, and cells harboring this replicon exhibit increased levels of active PKR and viral RNAinduced potentiation of IRF-1 and NF-B DNA binding activity (11, 33) . To more fully characterize the host response to HCV RNA in these cells, we evaluated the influence of each replicon on the activation state of IRF-3. As shown in Fig. 1B , the nuclear, active form of IRF-3 was not observed in parental Huh7 cells or Huh7-K2040 cells. However, nuclear IRF-3 was detected in Huh7-L2198S cells, albeit at a low frequency. Within a given culture of Huh7-L2198S cells, we routinely observed nuclear IRF-3 in 5 to 7% of the total cells examined. Therefore, under conditions of low abundance, the HCV NS3/ NS4A protease renders a significant but incomplete block to IRF-3 activation. IRF-3 is a component of the IFN-␤ enhanceosome that assembles to promote IFN production (17), and we sought to determine if the differential regulation of these components influenced IFN synthesis. We therefore measured IFN-␤ levels in supernatants collected from cultures of control or replicon-bearing cells alone or treated with dsRNA. In the absence of transfected dsRNA, a low level of IFN-␤ was detected in the culture medium collected from Huh7-L2198S cells but not in medium collected from cultures of control human diploid fibroblasts (B52 cells), parental Huh7 cells, or Huh7-K2040 cells ( Table 2) . Transfection of cells with dsRNA induced IFN-␤ production in all cultures, but this response was limited to only a low level of IFN production in cells harboring the K2040 replicon. Huh7 control cells and HCV repliconbearing cells were responsive to IFN treatment. In general, we found that PKR levels were higher in replicon-bearing cells than in Huh7 control cells, but importantly, basal IFN-␤ production in Huh7-L2198S cells associated with a corresponding basal level of ISG56 and ISG15 expression that was not apparent in control or Huh7-K2040 cells in the absence of IFN treatment (Fig. 1B) . In particular, ISG56 and ISG15 are IRF-3 target genes (18) , and their low level of expression in Huh7-L2198S cells is consistent with the basal nuclear active state of IRF-3 in these cells. Thus, HCV RNA replication fitness corresponded with a cellular antiviral response characterized by differential regulation of IRF-3 action, IFN-␤ production, and ISG expression.
HCV RNA sequence evolution. To evaluate the impact of an active host response upon HCV persistence, we subjected the low-passage isolates of Huh7-K2040 and Huh7-L2198S cells to continuous long-term culture, and we monitored parameters of IFN-␤ expression, ISG expression, and viral RNA sequence within the cultured cells. In Huh7-K2040 cells, the absence of IFN-␤ and ISG expression associated with HCV RNA sequence stability, and the sequence of this replicon remained stable and unchanged over a 16-month culture period. In contrast, after 6 months of culture we identified 12 nucelotide substitutions in the replicon sequence derived from Huh7-L2198S cells. The mutations were not clustered within any single site but instead were scattered throughout the NS-encoding region. Six of the mutations were synonymous, and six others each conferred amino acid changes that were also scattered throughout the HCV NS protein-encoding region. The amino acid changes included two mutations in the NS3 and NS5A regions and single changes within the NS4B and NS5B regions ( Fig. 2A) . We termed the evolved replicon sequence and replicon-bearing cells HP and Huh7-HP, respectively. Vi- (Fig. 2B) . We also evaluated IRF-3 localization and IFN-␤ mRNA expression within cells harboring the HP replicon and their progenitor low-passage Huh7-L2198S or Huh7 control cells. The active, nuclear form of IRF-3 was observed and at a low frequency in cultures of Huh7-L2198S cells but not in parallel cultures of Huh7-HP cells (Fig. 2C) or control Huh7 cells (data not shown); this corresponded to the pattern of IFN-␤ mRNA expression, which was only observed in the Huh7-L2198S cells (Fig. 2D) . Taken together, these results demonstrate that HCV RNA sequence evolution occurred concomitantly with the host pressures associated with active IRF-3 and a level of IFN-␤ and ISG expression during persistent HCV RNA replication.
The evolved HP adaptations are synergistic and confer increased viral replication fitness. To determine how the adaptations within the HP replicon sequence influence the initiation and fitness of HCV RNA replication, we systematically introduced the mutations singly or in sets into an assembled prototype Con1 replicon (10) . Huh7 cells were then transduced with purified RNA that was transcribed in vitro from various Con1 cDNA templates containing the HP mutations. As controls, we included transduction analyses of replicon RNA corresponding to the prototype Con1 sequence alone or harboring the adaptive mutations L2198S, K2040, or R2884G. As has been previously reported, G418 selection of cells transduced with a negative control Con1 replicon that has a deletion in the NS5B RdRp active site (⌬NS5B) failed to produce cell colonies (Fig. 3) , while transduction with the prototype Con1 sequence produced cell colonies only as a rare event, and an R2884G adaptive mutation produced cell colonies with comparatively high efficiency (31) . The L2198S mutation alone rendered only a slight improvement in transduction efficiency over the Con1 prototype replicon, consistent with the poor replication properties of this progenitor sequence (33) . The set of HP mutations in the NS3-and NS4B-encoding regions (P1115L, K1609E, and Q1737R) supported cell colony formation at a frequency that was improved and approximately equal to that of the K2040 replicon. The set of three NS5A mutations (P2007A, L2198S, and S2236P) did not increase transduction efficiency when compared with the L2198S progenitor sequence, but when the NS5A, NS3, and NS4B mutations were combined the combination was synergistic and increased transduction efficiency approximately 300-fold over the L2198S progenitor (Fig. 3, panels 3, 5, and 7) . The NS5B mutation (V2971) affected transduction efficiency only when combined with the NS3 and NS4B mutations to render a further fourfold increase in cell colony selection (Fig. 3, panel 8 ). In general, we found that the synergistic effects of combined HP mutations also rendered larger, more-robust cell colonies that even outgrew cells transduced with either the K2040 or the R2884G control replicon sequence. That the K2040 and HP sequences were maintained at equal levels in Huh7 cells but exhibited distinct transduction efficiencies indicates that the HP sequence was more robust overall at initiating RNA replication. These results identify the HP replicon as a highly fit variant and demonstrate that the HP mutations function synergistically to both initiate and support HCV RNA replication.
Since the HP replicon sequence evolved under constant pressure from IFN and innate immune processes conferred by the host cell, we focused our efforts on evaluating HCV RNA replication fitness in the context of the host cell IFN response. When treated with IFN-␣2a for 24 h, Huh7 cells initiated a host response that severely limits the replication of culture adapted HCV replicon RNA (19, 44) . Consistent with this, Northern blot analysis demonstrated the acute sensitivity to IFN of the L2198S and K2040 HCV replicon variants, and each exhibited a 50% inhibitory concentration (IC 50 ) of Ͻ10 U of IFN-␣2a/ml (Fig. 4A ). In contrast, the level of HP replicon RNA was comparably resistant to IFN action and only began to significantly decay after treatment of Huh7-HP cells with FIG. 3 . HP adaptive mutations act synergistically to confer increased transduction efficiency of the HCV replicon RNA. The specific adaptive mutations identified in the L2198S, HP, or K2040 HCV replicon were reintroduced into the parental HCV replicon cDNA as described in Materials and Methods. Huh7 cells were transfected with 900 ng of DNA-free in vitro-transcribed replicon RNA plus 100 ng of luciferase poly(A) RNA for monitoring and normalization of transfection efficiency. The numbered panels show the cell colonies that were recovered after 3 weeks of G418 selection and correspond to the average transduction efficiency (derived from triplicate experiments), and the corresponding replicon mutation(s) is listed below the panel set. Transduction efficiency is expressed as the average number of stably transduced cell colonies per 10 5 cells plated and was controlled for transfection efficiency as determined by the luciferase assay.
IFN doses above 100 U/ml. IFN treatment-dose titration of Huh7-HP cells and quantitative PCR analysis of resulting HP replicon RNA levels established an IFN-␣2a IC 50 of 85 U/ml for a 48-h treatment period (data not shown). To determine if this difference in IFN sensitivity among the HCV replicons was due to cellular or virus-mediated defects in IFN receptor signaling, we measured the expression and/or activity of an IFNresponsive luciferase reporter gene under control of an ISRE. As shown in Fig. 4B , IFN-induced signaling to the ISRE was intact in all cell lines and was only slightly reduced in the Huh7-L2198S cells. Moreover, immunoblot analysis confirmed that IFN signaled the increased expression of PKR, an ISREcontaining IFN-responsive gene (29) to approximately equal levels (data not shown). Thus, IFN resistance of the HP replicon is not attributed to a general disruption of IFN signaling or ISGF3 action in the host cell.
HP mutations direct viral resistance to IFN. To determine if the HP replicon resistance to IFN action was mediated by virus-directed processes, we transduced naïve Huh7 cells with the reconstructed HP replicon RNA and selected and expanded clonal cell lines and cell populations for further analysis. As controls, we transduced cells with K2040 replicon RNA for the parallel selection of clonal cell lines and populations harboring the K2040 sequence. As shown in Fig. 5A , the HP replicon RNA within a distinct cell population and clonal cell lines exhibited IFN sensitivity approximately equal to and lower than that of the original HP replicon in the Huh7-HP cells. In contrast, IFN treatment of control cultures harboring the K2040 replicon RNA induced a marked decay in viral RNA levels, and this high sensitivity to IFN was maintained between clonal cell lines. When we interrogated the same blot with an ISG6-16-specific probe (Fig. 5A, middle panel) , we found that ISG6-16 was expressed in all cell lines in an IFN-and dose-dependent manner, confirming that the cells responded to IFN.
We similarly evaluated the effect of IFN treatment on HCV NS protein expression from the replicon RNA within Huh7-L2198S cells, clonal Huh7-HP cell lines, and a Huh7-HP cell population (Fig. 5B) . Over a 48-h treatment period, the HCV NS protein abundance within Huh7-L2198S cells decayed in a dose-dependent manner, consistent with the acute sensitivity of this replicon RNA to IFN action. In contrast, the abundance of HCV NS proteins expressed from the HP replicon RNA remained relatively unchanged at IFN doses below 50 U/ml and only began to decay at IFN doses greater than 100 U/ml. Parallel analyses revealed that PKR levels accumulated in a dose-dependent manner in the IFN-treated cell lines and showed that the cells responded equally well to IFN treatment. Our analyses did reveal slight differences in viral RNA and protein levels among HP or K2040 RNA-derived cell lines that could reflect clonal distinctions among the cells. Despite these distinctions, the respective IFN-resistant or IFN-sensitive phenotype of the HP or K2040 replicon remained uniform throughout all cell lines examined. We conclude that the IFN-resistant phenotype is a consistent feature associated with the HP replicon RNA that is not attributed to global defects in IFN signaling or imposed by clonal variation among cell lines.
Regulation of ISG56 expression. To determine if the HP replicon conferred differential regulation of ISG expression, we conducted a microarray analysis to evaluate global gene expression levels in cells cultured in the absence or presence of IFN-␣2a for 24 h. Pharmacological studies have determined that serum levels of IFN are approximately 10 to 12 U/ml within 2 h after the administration of IFN to patients undergoing therapy with recombinant IFN-␣ preparations (28) ; to maintain physiologic relevance, we treated cells with 10 U of IFN/ml. Our analyses included assessment of gene expression in the parental Huh7 control cells and Huh7-K2040, Huh7-L2198S,and Huh7-HP cells. Overall, the global gene expression profiles of replicon-bearing cells gave distinct signatures associated with the level of viral RNA replication in each cell line, and Huh7-K2040 cells exhibited a global signature similar to that of Huh7-HP cells, each of which were distinct from Huh7 and Huh7-L2198S cells (unpublished data). 14) were cultured in the absence of G418 in medium containing 0, 10, 50, or 100 U of IFN-␣2a/ml for 24 h, after which the cells were harvested and extracts were prepared for RNA evaluation. Five micrograms of total RNA was subjected to Northern blot analysis with probes specific for HCV or GAPDH. The relative HCV and GAPDH signal strengths were then quantified by phosphorimager analysis and a HCV/GAPDH RNA ratio for each lane was calculated. The percentage of HCV RNA remaining relative to GAPDH for each IFN dose was determined by dividing the resulting HCV/ GAPDH ratio from the IFN-treated samples by the ratio value derived from each untreated control and is expressed in the bar graph as the percent HCV RNA remaining. (B) Control Huh7 cells or repliconbearing cell lines were transfected in triplicate with a plasmid encoding the ISRE-firefly luciferase reporter construct and a second plasmid encoding the Renilla luciferase reporter protein expressed from a constitutive CMV promoter. Twenty-four hours later, the culture medium was replaced with fresh medium containing 0, 10, or 50 U of IFN-␣2a/ ml, and the cells were cultured for a further 8 h and harvested. Extracts were subjected to the dual luciferase reporter assay. ISRE-luciferase values were normalized against the Renilla luciferase value. The graph shows the average relative ISRE-dependent luciferase values and standard deviation from a total of three experiments.
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We focused our analyses on the expression profiling of ISGs, and we identified a subset of genes whose expression was regulated in response to IFN treatment. As shown in Table 3 , this includes a variety of canonical ISGs identified previously in other studies (7, 15) . Comparison of the ISG profile among the various cell lines identified a deficit in ISG56 expression that was specific to Huh7-HP cells. Immunoblot analysis of extracts from IFN-treated cells confirmed that ISG56 protein expression was significantly reduced in Huh7-HP cells compared to control Huh7 cells and Huh7-L2198S cells over a 24-or 72-h time course of IFN treatment (Fig. 6A) . Since ISG56 expression is induced to peak levels soon after IFN treatment, we also evaluated gene expression by Northern blot analysis over an acute induction time course after IFN treatment of control Triplicate cultures of each cell line were cotransfected with a plasmid encoding a Renilla luciferase construct expressed from a constitutive CMV promoter and a second plasmid encoding the IFN-inducible ISRE or ISG56 promoter-enhancer firefly luciferase reporter construct. Cells were cultured in medium containing 0, 10, or 100 U/ml of IFN-␣2a for 8 h, harvested, and subjected to the dual luciferase assay. Bars show the average relative firefly luciferase activity and standard deviation of values normalized for Renilla luciferase activity between each sample. posttreatment. ISG56 mRNA was not detected in Huh7-HP cells until 8 h post-IFN treatment, when levels peaked 20% or lower below the expression level in control Huh7 cells and Huh7-K2040 cells, and then continuously declined throughout the 12-and 24-h treatment time points. Similar results were obtained when we examined ISG expression within clonal cell lines harboring the reconstructed HP or K2040 replicon RNA. We consistently observed a deficit in ISG56 mRNA expression within cells harboring the HP replicon. The magnitude of the ISG56 expression deficit varied somewhat between HP replicon-derived clonal cells (Fig. 6 ), but the cell lines exhibited similar IFN resistance profiles (data not shown). By comparison, the kinetics and abundance of ISG56 expression within IFN-treated cells harboring the K2040 replicon was similar to that of control Huh7 cells. The IFN-induced expression of ISG6-16 was not significantly different among cell lines, and our analyses revealed that the mRNA reached peak levels at 12 h posttreatment in all cells examined (Fig. 6B, middle panel) .
To extend these results, we also evaluated protein levels in the various cell lines or their counterparts that were cured of the HCV replicon after continuous high-dose IFN treatment. As shown in Fig. 6C , protein levels of ISG56 were attenuated in Huh7-HP cells and clonal cell lines transduced by the reconstructed HP RNA, compared to levels in control Huh7 cells and Huh7-K2040 cells. Importantly, the expression levels of ISG56 returned to normal when the Huh7-HP cells were cured of the HCV replicon RNA (Fig. 6C, left panel, lanes 7 to 9) . Analysis of the IFN-induced expression of a synthetic ISREluciferase promoter reporter construct or an ISG56-luciferase promoter reporter construct in the transfected cells demonstrated that this pattern of ISG56 expression did not correlate with differences in IFN signaling to the ISRE and ISG56 promoter, which varied between cell lines (Fig. 6D) . Taken together, these results indicate that (i) the kinetics of ISG56 induction and overall peak levels of expression were specifically attenuated by one or more viral products present in the Huh7-HP cells and (ii) this regulation was not a result of viral regulation of IFN receptor signaling to the ISRE.
Differential ribosome association of HCV RNA and correlation with ISG56 levels. ISG56 is a translational regulator whose actions contribute to suppression of HCV IRES translation and viral RNA replication by disrupting translation initiation and ribosome recruitment to template RNA in IFNtreated cells (26, 44) . We therefore sought to determine if the differential levels of ISG56 expression conferred an altered association of HCV replicon RNA with ribosomes. To evaluate the ribosome association of the HCV replicon, we conducted polyribosome distribution analysis of the L2198S and HP replicon RNA from cells cultured in the absence or presence of IFN. This approach separates RNA-ribosome complexes based upon their physical density that is defined by the relative number of ribosomes bound to a specific RNA, but it does not discriminate between ribosome recruitment by the viral IRES elements encoded within the HCV replicon RNA (44) . As shown in Fig. 7 , the L2198S RNA was primarily associated with low-mass polysomes in the absence of IFN. IFN treatment caused the L2198S RNA to redistribute into fractions corresponding to an association with a single 80S ribosome or the 40S ribosomal subunit-translation preinitation complex. In contrast, the HP replicon RNA was found predominantly distributed within high-mass fractions of increasing polysome complexity, regardless of IFN treatment.
ISG56 physically associates with the p48 subunit of eIF3 (20) , and both proteins are codistributed in the cell to the sites of translating RNAs where they localize primarily with translation initiation complexes (26, 44) . We therefore evaluated the relative levels of ISG56 and eIF3 within proteins extracted from pooled gradient fractions corresponding to the 40S ribosome-preinitiation and 80S translation initiation complex (fractions 1 and 2, respectively) of the IFN-treated cells shown in Fig. 7A . Immunoblot analysis demonstrated that ISG56 and its interacting partner, the p48 subunit of eIF3 [(p48)eIF3] (20) , were codistributed in the pooled fractions from each cell line, but the relative amount of ISG56 that cofractionated with (p48)eIF3 in Huh7-HP cells was comparably reduced. Densitometric quantification of the protein levels revealed an ISG56/(p48)eIF3 ratio of 1.4 in Huh L2198S cells that was essentially identical to the ratio consistently observed in similar gradient fractions recovered from control Huh7 cells (44 and data not shown). By comparison, we derived an ISG56/(p48)eIF3 ratio of 0.6 from the same fractions recovered from Huh7-HP cells (Fig. 7C) . Thus, polyribosome retention and IFN-resistant viral RNA replication of HP RNA corresponded with a specific deficit of ISG56 expression and cofractionation with eIF3 within translation initiation complexes from IFN-treated Huh7-HP cells.
DISCUSSION
Molecular epidemiology studies have demonstrated that viral sequence evolution is a characteristic of HCV infection in human patients and that virus persistence largely associates with the outgrowth of a highly fit predominant viral sequence whose stability is influenced by host immune pressures (40) . The present study provides further evidence that selective pressure of the host response can drive the incorporation of viral adaptive mutations. Our results demonstrate that these mutations can result in the enhancement of HCV RNA replication fitness through processes that involve suppression of one or more components of the host response and IFN programs against HCV.
An in vitro system to model virus-host parameters of acute to chronic HCV progression. Our model system of study utilized genetically defined HCV subgenomic RNA replicons that differed at single sites in the NS5A encoding region which have been shown to significantly influence viral replication fitness (33) . The K2040 HCV replicon was maintained as a single dominant sequence even in long-term culture, while by contrast, the L2198S replicon evolved into the HP variant during the same culture period. The evolved HP replicon is effective at blocking virus-induced IRF-3 activation (10), and we found the basal level of active IRF-3 and IFN-␤ expression observed in cells harboring the progenitor L2198S sequence was completely suppressed in Huh7-HP cells. This indicates that the HP replicon gained the advantage of completely blocking the IRF-3 component of the host response. These observations provide strong support for the concept that HCV replication fitness and persistence are dependent in part upon virus-directed processes that control the host response to infection. Our HCV replicon systems now provide an in vitro model from which to characterize and contrast virus-host interactions in the dynamic context of the innate host response triggered by HCV RNA replication.
HCV RNA replication has the capacity to induce a host response that includes IRF action, IFN-␤ production, and ISG expression. The basal levels of IFN-␤ and ISG expression in Huh7-L2198S cells indicate that HCV RNA replication has the capacity to induce a host response that includes IRF effector function, IFN production, and ISG expression. Virus infection triggers this response through the engagement of Toll-like receptors (TLRs) on the cell surface and intracellular vesicles, or the response is triggered independently of TLRs through specific intracellular signaling events that remain largely undefined (1, 24) . Viral RNA and dsRNA in general serve as potent inducers of the host response and can stimulate the activation of IRF-1, IRF-3, PKR, and other antiviral effectors (38) . Huh7 cells lack a TLR3 response to external dsRNA (30) ; taking into consideration this finding and the fact that the HCV replicons are strictly intracellular, we conclude that TLR signaling from external cellular receptors is not likely to participate in triggering the host response to HCV products or viral RNA in our replicon model. Instead, our data suggest that in this context HCV RNA replication triggers the host response exclusively through intracellular events that include, but are not limited to, signaling IRF-3 and IRF-1 transcription effector function.
We have found that the HCV NS5A protein and NS3/NS4A protease can, respectively, antagonize IRF-1 and IRF-3 transcription effector function and that these factors are differentially regulated in Huh7-K2040 and Huh7-L2198S cells (10, 33) . In the case of IRF-1, the differential levels of IRF-1 DNA binding activity and target gene expression within Huh7-K2040 and Huh7-L2198S cells was attributed to the differential regulation of PKR and PKR-dependent signaling conferred by the corresponding mutation within the NS5A protein, encoded by the respective HCV replicon RNA. When compared to control Huh7 or Huh7-L2198S cells, significantly reduced levels of PKR activity were found in Huh7-K2040 cells (44) and in Huh7-HP cells (R. Sumpter, Jr., and M. Gale, Jr., unpublished data). Since the K2040 and HP replicons are, respectively, sensitive and resistant to IFN, we cannot assign regulation of PKR activity alone as the sole cause for the IFN-resistant phenotype of the HP replicon. However, our data further support the concept that NS5A sequence is an important contributor to HCV replication fitness. In particular, the L2198S mutation locates to a region of NS5A where departure from the prototype Con1 sequence has been shown to significantly influence the initiation of HCV RNA replication in different cell types (4, 52) . It is likely, therefore, that this mutation supported HCV RNA replication at the expense of releasing a level of viral control over the host response, which resulted in its inefficient replication in part through the antiviral actions of this response. Here, we showed that IRF-3 was a component of the host response to HCV RNA replication and that the active, nuclear isoform of IRF-3 was present at a low but significant frequency in cultures of Huh7-L2198S cells but not in Huh7-K2040 cells. The sequence of the NS3-NS4A-encoding region is identical within the corresponding replicons, suggesting that the single-amino-acid differences in NS5A likely influenced viral control of IRF-3 indirectly by affecting overall viral protein and NS3/NS4A abundance. This conferred a complete block to IRF-3 activation by the K2040 replicon and a significant but partial block by the L2198S replicon. This idea is supported by the relationship between viral RNA and NS3/ NS4A protein abundance, which has negatively correlated with IRF-3 activation status here and in previous studies (10) . IRF-3 activation is signaled through the virus-stimulated activation of the TBK1 or IKε protein kinases (8, 39) , and our results suggests that (i) HCV RNA replication has the capacity to induce host cell signaling events that direct the activation of one or both of these IRF-3 kinases to trigger the potential for IRF-3 activation and (ii) HCV control of these processes is dependent upon the relative abundance of viral protein antagonists of the host response (like NS5A and NS3/NS4A) and indirectly upon overall viral RNA replication efficiency. The host response to HCV replication provides selective pressure for viral adaptive mutations. The error-prone RdRp of HCV provides remarkable adaptability that allows the virus to continually evade host immune challenges. Several studies have now linked viral genetic adaptation with evasion of the adaptive immune response and to the outcome of IFN-based therapy for HCV infection (40, 48) . Such studies have identified host immune pressure as a potent driving force for the fixation of HCV adaptive mutations to indicate that such mutations may contribute to overall viral fitness. The present study supports this notion and provides direct evidence that antiviral pressure from the host cell contributes to HCV sequence evolution and the fixation of viral adaptive mutations. We base this statement on three key observations. First, the replication of the K2040 replicon associated with the absence of a host response, while the poor replication of the L2198S replicon associated with an active host response in the Huh7-L2198S cells. Second, the L2198S replicon acquired six additional adaptive mutations over the 8-month culture period, while the K2040 replicon sequence was stable during this same period and has remained stable over a follow-up period of several months. Third, the HP replicon that evolved from the L2198S sequence remains stable, is highly fit, and efficiently suppressed the host response that was initially ongoing in the cell.
The evolved HP sequence retained the initial L2198S mutation in NS5A but gained mutations throughout the NS-encoding region. The effect of these mutations was synergistic toward initiating viral RNA replication and for supporting stable, high-level viral RNA replication and protein expression, possibly reflecting a temporal relationship in the order by which these adaptations were incorporated into the replicon genome. Their positions throughout the NS-encoding region suggest that the HP mutations could affect the processivity of the RdRp, the enzymatic actions of the NS3 protease/helicase and/or the overall assembly and action of the viral replicase. A search of the HCV Sequence Database (http://hcv.lanl.gov) revealed that of the total set of adaptive mutations in the HP sequence, only the P1115L mutation (located in the NS3-encoding region) has been identified in viral RNA isolated from human patients. Thus, the particular complement of HP mutations could be unique to cultured cells but clearly represents a defined outcome of HCV sequence evolution. The fixation of the L2198S mutation in the evolved HP replicon indicates that sequence evolution took place around this initial adaptation, possibly to complement the deficiencies in controlling the host response imposed by the initial adaptation at codon 2198 (33) .
In support of this idea, we found that the HP mutations rendered an IFN-resistant phenotype (discussed below). This strongly suggests that the HP sequence evolution was not a stochastic process but rather was directed by the antiviral pressures of the host cell response to HCV RNA replication. The fact that the evolved HP replicon achieved control of this host response and resistance to the IFN response indicates that one or more shared elements of these responses applied the major pressure behind the HP sequence evolution. Viral regulation of ISG56 expression and resistance to IFN therapy. Our results demonstrate that the evolved HP replicon is resistant to the antiviral actions of IFN and that this associated with a deficit in IFN-induced ISG56 expression. We found that IFN resistance was a property conferred by the adaptive mutations in the replicon RNA and not by adaptations of the host cell. This conclusion is based upon observations that the reconstructed HP RNA mediated IFN-resistant replication after transduction of naïve Huh7 cells and that viral resistance to IFN was a property associated with clonal cell lines and cell populations harboring the HP replicon. In contrast, the K2040 replicon retained its IFN-sensitive phenotype after transduction and selection of the reconstructed K2040 RNA in naïve Huh7 cells. Compared to the L2198S and K2040 replicons, the HP mutations rendered Ͼ28-fold shift in the IC 50 of IFN-␣2a treatment from approximately 3 to 85 U/ml. Since the K2040 and HP RNAs were maintained at approximately equal abundance in the respective cell lines (Fig. 2) , we do not attribute this difference in IFN sensitivity to replicon copy number distinctions that could have affected the viral RNA decay rates after IFN treatment. Despite the differences in IFN sensitivity among the HCV replicons, our transfection and microarray studies did not reveal any significant differences in the IFNinduced activation of either an ISG56 promoter-reporter gene, an ISRE reporter gene, or the overall profile of ISGs between control Huh7 cells and cells harboring the different replicons. Thus, HCV replicons and the replicon-encoded NS proteins in general do not affect IFN receptor signaling events in this context. Instead, the microarray analyses identified a specific defect in the expression of ISG56 within Huh7-HP cells. This characteristic of ISG56 regulation was conferred by the HP replicon upon transduction of naïve Huh7 cells with the HP RNA, but normal levels of IFN-induced ISG56 expression were restored when the Huh7-HP cells were cured of the replicon upon prolonged high-dose IFN treatment. We conclude that ISG56 regulation was conferred by viral disruption of cellular processes that control the expression of this ISG.
The linkage of IFN-resistant HCV RNA replication with a deficit in IFN-induced ISG56 expression indicates that one or more HP mutations direct the control of ISG56 expression. The mechanisms by which this regulation occurs could possibly be attributed to specific control of the endogenous ISG56 promoter and/or effects on ISG56 mRNA stability or metabolism. Either of these could occur through virus-directed modulation of IFN-responsive or virus-responsive signaling events that influence ISG56 expression. ISG56 has been defined as an IRF-3 target gene (18) , and we speculate that HCV control of IRF-3 could be a factor that affects ISG56 levels. By this model, viral regulation of secondary signaling events that regulate ISG56 expression could be a key element by which one or more viral NS proteins suppress its expression. HCV adaptive mutations in the NS3-encoding region, and to a larger extent the NS5A-encoding region, have been associated with viral resistance to IFN in vivo (25, 48) , but their relationship to ISG56 has not been addressed. It remains possible that the HP mutations within the NS3, NS5A, or other NS proteins direct the control of ISG56 expression by modulating the as-yetdefined host pathways that control ISG56 expression.
Within the IFN response, ISG56 confers a level of control to HCV RNA translation through processes that are dependent upon its interaction with the p48 subunit of eIF3 to directly affect ribosome recruitment to the viral RNA (44) . When compared to Huh7-L2198S cells, we found a substantial reduction in the relative abundance of ISG56 from Huh7-HP cells that codistributed with eIF3 within sucrose gradient fractions isolated from our polysome distribution studies. Overall, the basal and IFN-induced levels of ISG56 expression in Huh7-L2198S cells corresponded to an association of the L2198S RNA with low-mass polysomes and their disassembly upon IFN treatment, respectively. However, the HP RNA was maintained in high-mass polyribosome complexes that were retained in the presence of IFN, indicating that the distinct polysome profiles of the L2198S and HP RNAs were attributed, at least in part, to the respective level and action of ISG56 in the host cell. We have found that the IFN sensitivity of the K2040 replicon corresponded with a high level of induction of ISG56 and a concomitant disassembly of ribosome-viral RNA complexes (44) . Our results, taken together, suggest that viral control of ISG56 expression supports IFN-resistant HCV RNA replication by removing a layer of control from the IFN-induced block to the translation initiation process.
In summary, our results show that HCV RNA replication can trigger a host response that includes IRF activation, IFN production, and ISG expression and that antiviral pressures from this response can drive selection of viral adaptive mutations that confer resistance to IFN action. Our studies define the control of viral RNA translation mediated by ISG56 as an important component of the host response to HCV, whose targeted suppression may contribute viral persistence and host response evasion.
